The objective of this study was to perform a genome-wide association study (GWAS) to detect chromosome regions associated with indicator traits of sexual precocity in Nellore cattle. Data from Nellore animals belonging to farms which participate in the DeltaGen 1 and Paint 1 animal breeding programs, were used. The traits used in this study were the occurrence of early pregnancy (EP) and scrotal circumference (SC). Data from 72,675 females and 83,911 males with phenotypes were used; of these, 1,770 females and 1,680 males were genotyped. The SNP effects were estimated with a single-step procedure (WssGBLUP) and the observed phenotypes were used as dependent variables. All animals with available genotypes and phenotypes, in addition to those with only phenotypic information, were used. A single-trait animal model was applied to predict breeding values and the solutions of SNP effects were obtained from these breeding values. The results of GWAS are reported as the proportion of variance explained by windows with 150 adjacent SNPs. The 10 windows that explained the highest proportion of variance were identified. The results of this study indicate the polygenic nature of EP and SC, demonstrating that the indicator traits of sexual precocity studied here are probably controlled by many genes, including some of moderate effect. The 10 windows with large effects obtained for EP are located on chromosomes 5, 6, 7, 14, 18, 21 and 27, and together explained 7.91% of the total genetic variance. For SC, these windows are located on chromosomes 4, 8, 11, 13, 14, 19, 22 and 23, explaining 6.78% of total variance. GWAS permitted to identify chromosome regions associated with EP and SC. The identification of these regions contributes to a better understanding and evaluation of these traits, and permits to indicate candidate genes for future investigation of causal mutations.
Introduction

Materials and Methods
Phenotypic data
Data from Nellore animals belonging to eight farms, which participate in the DeltaGen 1 and Paint 1 (CRV Lagoa) breeding programs, were used. Of these farms, six are located in the Midwest (in the states of Goiás, Mato Grosso and Mato Grosso do Sul), one in Southeast (in the state of São Paulo) and one in Northeast (in the state of Bahia) of Brazil. The traits associated with sexual precocity used in this study were occurrence of early pregnancy of heifers (EP) and scrotal circumference (SC). EP was defined based on the conception and calving of the heifer as long as the animal had entered the breeding season at about 16 months of age. A value of 1 (success) was attributed to heifers that calved at less than 31 months of age and a value of 0 (failure) to heifers that failed, i.e., animals that calved after 31 months of age. SC was measured at yearling in centimeters.
The fixed effects considered for the formation of the contemporary groups (CG) for the two traits included year of birth, farm, and management group at birth, weaning and yearling. Contemporary groups showing no variability in EP, i.e., those in which all animals had the same response category, and CG with records outside the interval given by the mean of the group plus or minus three standard deviations for SC were eliminated. Additionally, for both traits, CG with fewer than four observations were excluded from the analysis.
For the two traits, the model included additive genetic and residual as random effects and CG as fixed effect. For SC, the linear effect of age of animal at recording was included in the model as a covariate. Table 1 shows the number of animals used in the analysis and the results of descriptive statistics of the traits studied. Phenotypic data of 73,359 females and 87,612 males, for EP and SC, respectively, were used in the analysis. The relationship matrix contained 203,017 animals.
Genotypic data
The genotype data from 1,770 females, born between 2007 and 2009, and from 1,680 males, born between 1993 and 2012, were used. Additionally, the genotype data from 611 sires (father of the females and males used in this study), born between 1965 and 2006, were used; of these, 223 had phenotypic information for SC. Except for part of the sires, performance records and pedigree information were available for all genotyped animals. The animals were genotyped using the high-density Illumina Bovine HD Assay (Illumina, Inc., San Diego, CA, USA), which contains 777,962 SNPs.
Quality control of the genotype data was performed in an iterative process, in which first SNPs and then samples were excluded at each iteration until none of the SNPs or samples was excluded. The following criteria were used for the exclusion of SNPs: non-autosomal regions; mapped at the same position; p-value for Hardy-Weinberg equilibrium less than 10 −5 ; minor allele frequency less than 2%; GenCall score less than 15%; and genotyping efficiency of each 
Data analysis
The SNP effects were estimated using the weighted single-step method (WssGBLUP) proposed by [13] . The observed phenotypes of EP and SC were used as dependent variables. All animals with available genotypes and phenotypes, in addition to those with only phenotype information, were used. A single-trait animal model was applied to predict the breeding values:
where y is the vector of observed phenotypes for genotyped and non-genotyped animals; X is the incidence matrix of fixed effects; b is the vector of fixed effects, including CG and age at recording as the covariate for SC; Z a is the incidence matrix of additive genetic effects; a is the random vector of additive genetic effects; and e is the vector of residual effects. A threshold model was assumed for EP, which relates the phenotype observed on a categorical scale to an underlying continuous normal scale.
For genetic effects, it was assumed that a $ Nð0; Hs 2 a Þ, where H is the relationship matrix based on both genomic information and pedigree information and σ 2 a is the additive genetic variance. For residual effects, it was assumed that e $ Nð0; Is 2 e Þ, where I is an identity matrix and σ 2 e is the residual variance. Since σ 2 e cannot be estimated on the underlying scale [22] , a value of 1 was attributed to σ 2 e for EP. The inverse of matrix H can be written as follows [23] :
where A is the numerator relationship matrix based on pedigree for all animals; A 22 is the numerator relationship matrix based on pedigree for genotyped animals only; and G is the genomic relationship matrix for genotyped animals calculated according to [14] :
where Z is the matrix obtained by subtracting matrix P, which contains the allele frequency of the second allele, from genotype matrix M, which its dimension is the number of individuals (n) by number of loci (m); D is a diagonal matrix of weights for SNP variances; and λ is a ratio of variances or a normalizing constant [14] :
where M is the number of SNPs and p i is the allele frequency of the second allele of marker i. The solutions of the SNP effects (û) were obtained from the breeding values using the following algorithm of scenario S1 [13] : Thus, matrix G was recalculated for the prediction of SNP effects at each iteration, while â g was obtained only once and was not altered during the iterations. Three iterations were performed in total.
The programs of the BLUPF90 family [25] were used for WssGBLUP analysis. A Bayesian approach was used for the analysis of EP, which consisted of a single chain of 300,000 cycles, with a conservative burn-in period of 30,000 cycles and a thinning interval of 30 cycles. Thus, 9,000 samples were effectively used.
The results of GWAS are reported as the proportion of variance explained by windows of 150 adjacent SNPs. For the two traits, the 10 windows that explained the highest proportion of variance were identified. For EP, these windows ranged from 0.58 (chromosome 27) to 3.02 Mb (chromosome 21), with an average of 1.04 Mb. For SC, these windows ranged from 0.52 (chromosome 19) to 1.91 Mb (chromosome 13), with an average of 0.93 Mb.
The NCBI's Map Viewer tool for the bovine genome was used for identification of the genes using the UMD 3.1 assembly as the reference map (http://www.ncbi.nlm.nih.gov/projects/ mapview/map_search.cgi?taxid=9913&build=104.0). Only genes present within the windows of 150 SNPs were considered. A manual search was performed to know the metabolic function of the genes identified in order to understand the action of these genes on the traits studied.
Results and Discussion
As observed in the simulation studies of [13] and [21] , when SNP weights were recomputed at each iteration and SNP effects were subsequently recalculated, small-effect SNPs had their effects reduced, with effects close to zero, while large-effect SNPs became even more pronounced (data not shown). However, the third iteration revealed a larger number of peaks in different chromosomes. The SNP windows obtained in the second iteration that explained the highest proportion of variance can be observed in Figs 1 and 2 , where Manhattan plots are shown for the traits EP and SC, respectively. General information about all results of WssGBLUP for both traits are in S1 File.
In the study of [13] using WssGBLUP, the second iteration provided the highest prediction accuracy of SNP effects. According to the authors, a combination of weights occurred in the second iteration that minimized estimation errors and reflected the reality that SNPs adjacent to a QTL contribute to the estimation of that QTL. Using simulated data, [21] reported that for WssGBLUP, among the three iterations analyzed, the second iteration was the best to detect QTLs accurately. In the third iteration, false-positive signals may have been captured by the markers.
The proportions of variance explained by the windows (Figs 1 and 2 ) indicate the polygenic nature of EP and SC, i.e., the indicator traits of sexual precocity studied here are probably controlled by a large number of genes, including some of moderate effect. The 10 windows with large effects obtained for EP are located on chromosomes 5, 6, 7, 14, 18, 21 and 27, and together explained 8.91% of the total genetic variance. Chromosome 21 exhibited two large-effect windows for EP, explaining 2.31% of total variance. Table 2 shows known genes found in these windows.
The present study identified windows associated with EP that had been previously associated with age at first calving (Chr05/16.06-17.12Mb and Chr07/41.29-42.03Mb) and heifer reconception (Chr14/22.61-23.40Mb) by [21] using real data (the same database and methodological criterion as employed in this study). These coinciding results were expected since both EP and age at first calving are indicator traits of female sexual precocity and exhibit a favorable genetic correlation [8] .
Some of the genes found in these regions are important because they act as olfactory receptors, including the genes of window Chr07/41.29-42.03Mb (LOC618125, LOC614895, LOC530231, OR2V1, LOC100299289, OR2V2, and LOC508420), in addition to LOC100139608 located in window Chr21/0.01-3.02Mb. A physiological explanation exists for the association of these genes with EP, since olfactory receptors have a function in germ cells, which are the precursors of gametes [26] , affecting their production and consequent reproduction. Olfactory receptors are also expressed in the gametes themselves where they play a role in chemotaxis between the sperm and egg to promote fertilization of the gametes whose major histocompatibility complex (MHC) genes are the most diverse [27] , guaranteeing the success of fertilization.
Some of the genes found in this window of chromosome 7 have been identified in studies analyzing selection signatures in different cattle breeds, such as the MGAT1 gene [28] involved in the production of gametes [29] , or have been detected in fine mapping studies, such as the ZNF496 gene associated with fertility in dairy cattle [30] . One group of genes identified in another window of chromosome 7 (Chr07/3.12-3.85Mb) act as vomeronasal receptors (VN2R401P, VN2R402P, and VN2R403P). Expressed in the vomeronasal organ of mammals, the function of these receptors is to detect pheromones related to reproduction and the selection of sexual partners [31] , guaranteeing offspring immunity. The Chr21/0.01-3.02Mb region is under the epigenetic effect of methylation and comprises the SNRPN, SNURF, NDN, MAGEL2 and UBE3A genes. These genes exert a known function in the implantation of embryos in different species. In this respect, failed implantation of the embryo may be caused by imprinting defects or by the fact that these genes are expressed differentially during the process of implantation [32] . Furthermore, the MAGEL2 gene has been reported to be essential for placental development in pigs [33] and is associated with SC in Nellore cattle [34] .
Other genes are important because of their biological role or because they are expressed in target tissues for reproduction. The expression of the PAWR gene (Chr05/8.89-10.12Mb) is altered in the preovulatory follicle of buffaloes [35] and the LPAR2 gene (Chr07/3.2-3.85Mb) is important for the development of pregnancy in cattle, exerting an effect on the corpus luteum [36] . The GNB2L1 (Chr07/41.29-42.03Mb) and MON1B (Chr18/4.26-4.91Mb) genes are involved in embryo development and may be directly associated with the pregnancy rate of females and with maintenance of the conceptus during the early stage [11, 33] . The LOC101905587 gene (TIMP1), which is also located on chromosome 18, participates in follicular development in cattle [37] , as well as in endometrial remodeling [38] . Another gene identified is the RB1CC1 gene (Chr14/22.61-23.40Mb), which participates in meiosis and is associated with premature ovarian failure in women [39] .
The window found on chromosome 14 is located between the 20 and 30 Mb regions. Some studies have identified SNPs in these regions that are associated with various traits in different cattle breeds: age at puberty in males and females, postpartum anestrus interval, calving ease, rump height, height, body size, stillbirth rate, growth hormone levels (IGF-1), weight, and fat deposition [9, 17, [40] [41] [42] [43] [44] .
Some of the regions identified here have also been detected in other studies investigating reproductive traits in cattle, such as regions Chr05/8.89-10.12Mb [45] [46] [47] , Chr07/3.12-3.85Mb and Chr07/41.29-42.03Mb [46] , and Chr21/0.01-3.02Mb [46, 47] . Taken together, these findings demonstrate that cattle breeds share regions that exert a great influence on reproductive traits.
For SC, the large-effect windows are located on chromosomes 4, 8, 11, 13, 14, 19, 22 and 23, explaining 6.78% of the total genetic variance. Table 3 shows the genes identified for SC. Among these genes, the OVOL2 gene (Chr13/37.83-38.93Mb) is important since it is highly expressed in the testes and during spermatogenesis and, at lower levels, in the ovaries of rats [48] . [49] detected the expression of this regulatory gene in male germ cells of humans.
Several other genes related to testicular growth and development were identified. Many of these genes are also directly involved in spermatogenesis, such as the HILS1 gene that remodels chromatin during gamete production [50] , the KAT7 and ICAM2 genes expressed in Sertoli cells [51, 52] , the TCAM1 gene expressed in spermatocytes [53] , the SLC26A3 gene that is essential for sperm capacitation [54] , and the RAD18 gene that plays a crucial role in genome maintenance during sperm production [55] . Other important genes are the FBXO32 (Chr14/ 17.83-18.51Mb) and EBF2 (Chr08/73.91-75Mb) genes related to infertility and hypogonadism in men, respectively [56, 57] , and the GH1 gene (Chr19/48.69-49.21Mb) associated with seminal characteristics and sexual behavior in cattle [58] .
The window of chromosome 14 associated with SC has also been described by [34] in a study using the same breed and trait, and by [17] who investigated age at SC of 26 cm in Brahman bulls. However, many of the large-effect regions found in the present study were different from those described by [34] . This fact might be explained by the use of different methods and SNP quality control criteria, as well as by the genetic constitution of the population and number of animals used in the study.
Between the two windows observed in this study on chromosome 19, closer to window Chr19/36.91-37.52Mb, [17] detected the IGFBP4 gene, which is associated with age at puberty in Brahman cattle. The same gene has been associated with heifer conception and postpartum anestrus [9, 59] . [60] found two QTLs on chromosome 23 in the same region as observed in the present study, which affect the percentage of viable sperm with an intact cytoplasmic membrane and sperm concentration. [18] , evaluating age at first calving and heifer reconception, identified two regions associated with these traits on chromosomes 8 and 13, respectively, close to the regions associated with SC in the present study.
It should be noted that part of the region identified here on chromosome 14 associated with EP has been described in a study investigating meat tenderness in Nellore cattle [61] . Furthermore, the region of chromosome 13 associated with SC has previously been associated with fat thickness also in Nellore cattle [62] . These findings suggest that these regions exert pleiotropic effects, considering the association found here with indicator traits of sexual precocity.
The windows with large effects found for the two traits were not overlapping, although a moderate genetic correlation between these traits exists in Nellore cattle [63] . This fact has also been observed by [64] in a study on causal mutations, in which highly significant SNPs for andrological traits were not significant for female reproductive traits. This suggests that the genetic correlation between male and female reproductive traits is due to small-effect genes 
Conclusions
GWAS permitted to identify chromosome regions associated with EP and SC. The identification of these regions contributes to a better understanding and evaluation of these traits, and permits to indicate candidate genes for future investigation of causal mutations.
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